EMF measurements were performed on a chemical cell containing a silver and a nitrate electrode. The systems NaN03 + AgN03 , LiN03+AgN03, and pure AgN03 were investigated in a temperature range of 240 °C to 310 °C and in the total concentration range permitted by the phase diagram. We found a linear dependence of the EMF on temperature. Six constants, characteristic for the investigated molten salts depending neither on composition nor on temperature, were determined by the analytical construction of the activity coefficients. Together with the analytically constructed excess molar Gibbs function, the excess molar entropy was calculated from calorimetric data in the literature.
There are two different possibilities for the determination of the activity coefficients in molten salts: vapour pressure measurements and EMF measurements on chemical cells. The method of vapour pressure measurements is uncertain; it has been shown by mass spectrometrie investigations 1-5 that a number of sequesterings and associations may be present in the vapour phase of molten salts, which complicates or prevents the analysis of the vapour pressure data.
The purpose of this paper is to determine the activity coefficients and other thermodynamic functions of the systems NaN03 + AgN03 and LiN03 -f AgN03 as functions of composition and temperature. This will be achieved by EMF measurements on the chemical cells 
respectively.
The symbol 02, N02(Pt) indicates a nitrate electrode with a platinum matrix developed by KETE-LAAR and DAMMERS-DEKLERK 6 > 7 . Ag symbolizes a silver electrode and Cu the copper terminals of the cell.
Basic Equations
Activity coefficients for molten salts describe the deviation from the standardized ideal mixture. The standardized ideal mixture is characterized by the Reprint requests to Dr. J. RICHTER, Lehrstuhl für Physikal. Chemie II der Rhein.-Westf. Technischen Hochschule, D-5100 Aachen, Templergraben 59. condition that total dissociation exists in the melt which is an ideal mixture with respect to the individual species, and that no complex ions are found.
The activity coefficients are defined [8] [9] [10] [11] by the equation
In/iEEVi-W* (> = 1,2).
The activity coefficient /j of the component i is dimensionless and a function of the thermodynamic temperature T, of the pressure P, and of the mole fraction x = x2 of component 2. The limiting values of the activity coefficients of the pure liquid components are 1 as are those of nonelectrolyte solutions. ipi is the dimensionless quantity yji= (/Zi-jUi')/RT.
Here R denotes the gas constant, Uj the chemical potential of the component i in the melt and ju{ the chemical potential of the pure liquid component i at the given values of T and P. t/V d is the value of rpi for a standardized ideal melt of the same composition.
From Eqs. (3) and (4) we obtain for the excess chemical potential
where is the value of //,• for a standardized ideal melt.
For cells (1) and (2) we have
where F is the Faraday constant, 0 the EMF and A the affinity of the reaction If we denote the EMF of the cell Cu | Ag | AgN03 | 02, N02(Pt) | Cu (8) by and the affinity of the heterogeneous reaction belonging to (8) by A' we find with Eq. (6) :
For reaction (7), we have explicitely:
A'=JUAS + JUMT + I{IOT-M2> (11) where denotes the chemical potential of solid silver, the chemical potential of gaseous nitrogen dioxide, //-o, the chemical potential of gaseous oxygen and ju2 and ju2 the chemical potentials of liquid silver nitrate in the melt and in the pure state, respectively.
Since for a given temperature and total pressure, the partial vapour pressures of nitrogen dioxide and oxygen are constant, it follows from Eq. (9) with (10) and (11) that
For the activity coefficients f2 of the silver nitrate in the binary melts NaN03 + AgN03 and LiNOg + AgNOg, taking account of Eqs. (3), (4), (12) , and the relations
valid for molten salts containing two uni-univalent electrolytes with a common ion 10 , we obtain the equation
The experiments will be evaluated by means of this formula.
The excess molar Gibbs function G E for binary molten salts is given by
where only three terms have been retained. Thus we derive the following series expansions for the activity coefficients 12 :
The coefficients in Eqs. (15) to (17) still depend on T and P. If we truncate the pow 7 er series after the third term, we find:
By differentiation with respect to T, we theoretically get the excess molar entropy S E and the molar heat of mixing H E from the temperature dependence of G E . This procedure seldom leads to satisfactory results. This is even true for very precise vapour pressure measurements on aqueous elecrolyte solutions and on binary nonelectrolyte solutions. The reason for this is that differentiation of measured values with respect to one of the variables is too sensitive a test for experimental accuracy. Thus we prefer tojcompute the excess molar entropy S E from G E and/7 E :
This is a better procedure to obtain S E .
Experimental
For the preparation of the binary melts the following chemicals were used: Sodium nitrate (pro analysi) from E. Merck (Darmstadt), lithium nitrate (pro analysi) from Riedel-de Haen (Hannover), and silver nitrate, double recrystallized (Sonderqualität A) from Degussa (Frankfurt-M.).
The N02 , 02 gas mixture was prepared with purified oxygen from Linde (Köln) and liquid nitrogen tetroxide (purum) from F 1 u k a (Buchs, Switzerland).
Water remaining in the salts influences the results. Therefore, the salts were dried carefully.
The type of apparatus used corresponds to that described by KETELAAR and DAMMERS-DEKLERK «• 7 . We should like to draw attention to the following points important for our experiments:
1. An exact control and measurement of temperature is necessary since the temperature dependence of the EMF is very pronounced. Temperature profiles within the cell are to be avoided. 2. For the silver electrode, there should be no phase boundary between the protective gas and the molten salt, and there should be no recrystallization. 3. The N02 , 02 (Pt) electrode should work reversibly for a long time and without capillary effects The N02, 02 gas mixture has to be replaced continuously so that a constant composition of the gases is given at the nitrate electrode. 4. The decomposition of the silver nitrate has to be avoided by performing the measurements only up to 310 °C and by protecting the melt with an inert gas atmosphere. is connected to the N02 , 02 gas mixture circulation by special joints which were ground plane. The arrangement was located in a standing tube furnace of Titan (Klarenthal-Saar), which was controlled by a transistor-inductive-controller with one-sided, thermal feedback.
The nitrate electrode differs in its assembly from that described by KETELAAR and DAMMERS-DEKLERK 6 . It consists of a platinum disk with a glass tube, which serves as the supply line for the N02 , 02 gas mixture (Fig. 1) . From the platinum disk fused into the glass tube, a platinum wire leads upwards and goes outwards trhough a teflon-paraffin seal. At the lower side of the disk are 10 platinum pins, which are 10 mm long and 0,2 mm thick. They are welded on the disk at regular intervals. The platinum disk is 15 mm in diameter and has five boreholes (0 4 mm), through which the N02, 02 mixture can stream just along the platinum pins without any pressure rise. The pins plunge 3 to 4 mm into the melt. The atmosphere above the melt, into which the nitrate electrode plunges, is flushed away by the N02 , 02 mixture.
The mixture of oxygen and nitrogen dioxide is produced by slowly bubbling oxygen through a wash bottle filled with liquid nitrogen tetroxide. The procedure is represented in Figure 2 . The oxygen is passed into the N204-saturator, kept at 18 °C by a thermostat. The gas mixture leaving the saturator consists of oxy- gen, nitrogen dioxide, and nitrogen tetroxide. It is led over a drying tube filled with phosphorus pentoxide to the equilibrium vessel kept at 8 °C by a thermostat.
The composition of the resulting gas mixture can be calculated from the vapour pressure of the liquid nitrogen tetroxide, its degree of dissociation at 8 °C, and from the total pressure (atmospheric pressure). Corresponding values are tabulated by GIAUQUE and KEMP 13 . As the remaining nitrogen tetroxide is completely dissociated into nitrogen dioxide at 250 °C to 300 °C, only nitrogen dioxide and oxygen appear at the electrode -an equimolar mixture for the above conditions. KETELAAR and DAMMERS-DEKLERK 6 find optimum EMF values for pure silver nitrate with an equimolar gas mixture. We find with Eqs. (10), (11) , and (14) that the gas composition does not influence the values of the activity coefficients.
The gas mixture is led from the cell through a rotameter serving as flowmeter to a bubble counter and then through a stopcock to the outlet. The bubble counter contains phthalic acid-dibutylester which serves to isolate the gas system from the atmosphere.
Temperature measurement of the melt was performed directly at the silver electrode with a copper-constantan-thermocouple calibrated with mercury thermometers. The potential difference at the electrodes and the thermopotential of the thermocouple were monitored by two continuously working, automatically recording compensation recorders and measured by a cascade compensator of Feussner in the usual compensation circuit 14 .
Results
The EMF (0) is measured as a function of composition and temperature. The lower limit of the temperature range in the system NaN03 + AgN03 is given by the phase diagram 15 which indicates that measurements in the composition range x ^ 0.4 (.x is the mole fraction of AgN03) are possible only above 280 °C. The temperature of 240 °C can be chosen as the lower limit for the entire concentration range for the system LiN03 + AgN03 , in view of the phase diagram 16 .
We find a linear dependence of the EMF on temperature in the investigated range of composition and temperature, within experimental accuracy. This temperature dependence can be represented by
The coefficients a and b depend on the mole fraction x. The straight lines corresponding to Eq. (21) are plotted in Fig. 3 for the system NaN03 + AgN03 and in Fig. 4 for the system LiN03 + AgN03 . The activity coefficients f2 of silver nitrate calculated from the EMF (<£) according to Eq. (14) are given in Table 1 for the system NaN03 -f AgNO;J as a function of composition at several temperatures. Table 2 contains the corresponding values for the system LiN03 + AgN03 . In Fig. 5 the activity coefficient j2 of silver nitrate for the system LiN03 + AgN03 is plotted against mole fraction at 290 °C. Figure 6 shows f2 for the system LiN03 + AgN03 vs. x at 260 °C.
We see that /2 always remains greater than 1 above 270 °C in the NaN03 + AgN03 system and above 290 °C in the LiN03 + AgN03 system. Below these temperatures, the activity coefficients of the melts rich in silver nitrate are less than 1.
Discussion
From the linear temperature dependence of the EMF [Eq. (21)] at constant composition, we derive for the logarithm of the activity coefficients:
The coefficients A and B depend only on composition.
The logarithms of the activity coefficients are represented by the series expansions (16) and (17) with integral powers. We see that the power series can be truncated after the third term for the two systems investigated here. The concentration dependence of the activity coefficients is thus adequately described within experimental accuracy.
The coefficients B2, B3, and Z?4 in Eq. (17) depend only on temperature, since the pressure is kept constant. Since, on the other hand, the logarithms of the activity coefficients at constant composition depend linearly on the reciprocal temperature, according to Eq. (22), the coefficients B2 , B3, and Bi must be linear in T. Thus we obtain:
The constants a0 , ß0 , at, ßt, and a2 , ß2 are characteristic for each pair of molten salts and independent of composition and temperature. With these constants we can, in principle, compute all the thermodynamic quantities at any composition and temperature. We can determine these constants a0 , ß0 , ax, ß,, and a2 , ß2 from the temperature dependence of the coefficients B2, B3, and Bi of Eq. (17) . For different temperatures the coefficients B2, B3 , and Bi are determined so that they describe adequately the concentration slope of the activity coefficients within experimental accuracy except in the limiting range. (In the limiting range a;-> 1, the relative error of the measured difference 0' -0 [Eq. (14) ] is greater than the experimental accuracy in the remaining concentration range. For this reason the limiting behavior of the activity coefficients cannot be investigated experimentally by the method developed here.)
From the graphical plots of the coefficients B2, B3 , and ß4 , we can determine the constants a0 , ß0 , at, ß1, and a2 , ß2 by the equations of the straight lines (23) to (25). The coefficients B2, B3 , and ß4 thus obtained are given in Table 3 as functions of temperature; the constants a0, ß0, at, ßx, and a2 , ß2 are shown in Table 4 . Table 4 . Characteristic constants a0 , ß0, at, ß1, and ct2, ß2 for the systems NaN03 + AgN03 and LiN03 + AgN03. The coefficients a, b', and c of the analytical form (15) of the excess molar Gibbs function can be calculated by Eq. (19) from the experimentally investigated coefficients B2, B3, and ß4; a, b', and c for the systems NaN03 + AgN03 and LiN03 + AgN03 are summarized in Table 5 . By means of the calorimetric data for the molar heat of mixing of the two systems, measured by KLEPPA and coworkers 17 , we can compute the ex- If we take the equation of the partial molar enthalpy of mixing 18 
H2 E = ju E -T(dju E /dT)x,
we find with Eqs. (5) and (26) that
At constant mole fraction x, it follows from Eq. (27) with (22) that
Equation (28) means that H E is independent of the temperature for both systems investigated here. Thus it has been shown that the values of H E measured by KLEPPA and coworkers 17 at 350 °C can be consistently combined with the measurements performed here.
In the system NaN03 + AgNOs the values_of G E are remarkably greater than the values of H E ; in the system LiN03 + AgN03 they are of the same order. Therefore we might describe the system LiN03 + AgN03, to the first approximation, as a "regular mixture", defined by the conditions G E = H E , 5 E = 0 18 .
The "symmetry rule of HAASE" 12 holds for both systems: the excess molar Gibbs function is nearly symmetrical, while the other functions, in particular S E , deviate considerably from the symmetrical form.
Conclusions Inserting Eq. (23) -(25) into (17) we obtain
RT\nf, = (a0 + ß0T)(l~z) 2 
+ (a, + ßx T)(l -xf + (a2 + ß2T)(l-x)\ (29)
For a certain temperature T with the mole fraction (1-a;) as parameter, a system of six linear equations can be derived from Eq. (29), together with the well-known activity coefficients. These equations may serve to determine the six constants. If this procedure is carried out for different temperatures and for any value of the mole fraction, one obtains different values of the constants, which no longer rigorously describe the determined concentration slope of the activity coefficients. Therefore, the 1
